ABSTRACT In this paper, a novel planar printed dual-band magneto-electric dipole antenna is proposed. The proposed antenna is composed of a conventional bow-tie patch as an electric dipole, a semicircular loop that operates as a magnetic dipole, a coplanar ground plane, and a wideband microstripto-coplanar-stripline transition balun. By etching a pair of complementary capacitively loaded loop slots on the bow-tie radiation patch, a notched band is introduced to form the dual-band antenna. And a coplanar ground is adopted to make the entire antenna become a planar printed structure. Additionally, the proposed antenna loads the periodical interdigital capacitance structure on the semicircular loop for the purpose of making the current flowing along the loop maintain the same phase and improving the performances of the magnetic dipole. The proposed antenna was fabricated and measured. The measured results keep in good accordance with the simulated ones. Consequently, the proposed antenna achieves a dual-band operation at 2.37∼2.82 GHz (17.3%) and 3
I. INTRODUCTION
With the fast development of the wireless communication technologies, the wideband or multiband antennas are in good need to satisfy the increasing number of service bands, especially the WLAN, WiMAX, and LTE operating frequency bands. Compared with the conventional single band antenna, the multiband antenna can effectively decrease the number of the antenna elements and covering areas. Therefore, the multiband antenna has become a research hotspot. Recently, lots of dual-and triple-band antennas have been proposed in some open literatures [1] - [4] .
To achieve multiple bands, the most general method is to etch various slots on the radiation patch or ground plane. In literatures [5] , [6] , the proposed antennas obtain multiple bands by etching slots on the monopole antennas. The second method is to get the antennas with different operating frequency bands together to obtain multiple bands [2] - [4] . However, this type of method is relatively complicated, due to additional matching circuits. The third method is to add the strips on the slot antenna to achieve multiple bands [7] , [8] . Furthermore, in the fourth method, the antennas obtain multiple bands by introducing various band-notched structures [9] - [11] . Except for four types of conventional methods above, recently, the unit cell of the metamaterials is also widely utilized for multiband antenna design and soon the multiband antennas by loading the unit cell of metamaterials become a research hotspot. In [12] and [13] , by introducing the complementary split-ring resonator (CSRR) which is a common unit cell of magnetic metamaterials, the ultrawideband antennas obtain multiple stopbands. In [14] , the proposed antenna adopts another unit cell of magnetic metamaterials named as capacitively loaded loop (CLL) to form multiple operating frequency bands. These unit cells of magnetic metamaterials have many advantages over the conventional methods. For example, they have compact structure and the inspired stopbands by them cannot almost affect the other operating frequency bands. Moreover, metamaterials can also be used for increasing the antenna gain as shown in [15] . However, most of the multiband antennas above are monopoles, so the applications of these antennas are limited in some respects. Instead, dipole antenna can satisfy the higher demands for multiband wireless communication.
In 2006, based on the concept of the complementary antennas, Luk proposed a new magneto-electric (ME) dipole antenna [16] . Over the operating frequency band, this type of antenna has not only broad bandwidth, simple structure, stable gain, low cross polarization, and wide half power beamwidth, but also the identical radiation patterns of E-plane and H-plane. Due to the notable advantages of the ME dipole antenna, many researchers have applied it to multiband antenna design and made some progress. In [17] , by adopting the U-shaped electric dipole, the designed ME dipole antenna achieves dual-band operation. In [18] , the proposed antenna utilizes a dual-layer cross-magnetoelectric (ME)-dipole structure to obtain a dual-band operation. Though these dual-band ME dipole antennas achieve better electrical characteristics compared with conventional multiband antennas, they both have the bulky threedimensional structure, especially the large reflector. This drawback makes the dual-band ME dipole antennas become uneasy installation and unsuitable for mass production. Therefore, the practical applications of the dual-band ME dipole antennas above are restricted.
In order to solve these problems above, in this paper, a novel planar printed dual-band ME dipole antenna is proposed. By etching a pair of complementary capacitively loaded loop (CCLL) slots on the bow-tie radiation patch, a notched band is generated to form a dual-band operation for WLAN and WiMAX applications. Additionally, the proposed ME dipole antenna utilizes a coplanar ground to achieve a planar printed structure. Meanwhile, for improving the performances of the magnetic dipole, the periodical interdigital capacitance (IDC) structure is introduced to make the current flowing along the loop maintain the same phase. Finally, the proposed antenna obtains good electrical characteristics and the measured results keep in good accordance with the simulated ones. It is demonstrated that the proposed dualband ME dipole antenna can be installed easily and suitable for mass production. Meanwhile, the antenna is also a good candidate for the multiband wireless communication.
II. ANTENNA DESIGN
The geometry of the proposed antenna is shown in Fig.1 
(a)-(c). The overall size of the antenna is
And the proposed antenna is printed on the single-layer Duroid 5880 dielectric substrate with the permittivity of 2.2 and thickness of 0.78mm. From the pictures, it can be seen that the proposed antenna is composed of a conventional bow-tie radiation patch, a semi-circular loop, a coplanar ground, and a microstrip-to-coplanar-stripline (CPS) transition balun. Fig.1 (a) depicts the top view of the proposed antenna. The bow-tie patch is adopted to work as an electric dipole and the flare angle named as θ is chosen to be 64 • for wideband impedance matching. And the width g of the slot between bow-tie patch is also an important parameter for impedance matching. By using Ansoft HFSS, g is optimized and chosen to be 4mm. Additionally, a semi-circular loop is introduced to operate as a magnetic dipole together with the ground between the loop. Furthermore, to improve the performance of the magnetic dipole, the periodical interdigital capacitance is loaded on the semi-circular loop. As is known to us, the value of the interdigital capacitance depends on the number of the fingers. When the number of the fingers is designed precisely, the semi-circular loop is equivalent to composite right/left-handed transmission line (CRLH TL) and the current flowing along the loop maintains the same phase. By simulated analysis, the number of the fingers is chosen to be four. In this paper, instead of using a large vertical ground plane, a small-size coplanar ground is adopted to help the antenna achieve a planar printed structure. As a result, the planar printed antenna is easily fabricated and suitable for mass production. For the purpose of good impedance matching, we utilize a wideband microstrip-to-coplanar-stripline (CPS) transition balun to couple the electromagnetic energy to the radiation portion. Fig.1(b) shows the bottom view of the antenna. It can be seen that -shaped strip feeding structure is printed on the back of the substrate. And the width of the -shaped strip is finally determined to be 2.4mm for achieving the 50 characteristic impedance. Meanwhile, a SMA connector is connected to the -shaped strip for transmitting the exciting signals.
In order to obtain a dual-band operation, a pair of CCLL slots is etched on the bow-tie patch. Consequently, the CCLL slots generate a notched band. And the notched frequency of the resonant mode of the CCLL slots is able to be approximately expressed by the following formulas [14] : 
Where c represents the speed of the light, L CCLL represents the total length of the CCLL slots, and ε eff represents the effective permittivity. Compared with the conventional multiband technologies, loading CCLL slots has little impact on electrical characteristics of the antenna at other frequency bands and the notched band inspired by the CCLL slots is easily adjusted. All the dimensions of the proposed antenna in detail are shown in Table I .
III. ANTENNA PERFORMANCE
The prototype of the proposed antenna is shown in Fig.2(a)-(b) . The simulated results are obtained by using Ansoft HFSS. And the measured results are obtained by vector network analyzer and anechoic chamber. Fig.3 depicts the evolution process of the proposed antenna. The original antenna named as antenna I is shown in Fig.3(a) . Based on antenna I, antenna II shown in Fig.3(b) is achieved by loading the periodical interdigital capacitance structure on the semi-circular loop. Furthermore, the proposed antenna shown in Fig.3(c) adds a pair of CCLL slots on the bowtie patch. The simulated and measured VSWRs and gains of the three antennas above are depicted in Fig.4 . We can see that antenna I obtains a broad impedance bandwidth of 54.5% from 2.20GHz to 3.85GHz with the VSWR less than 2, and the antenna II also obtains a broad impedance bandwidth of 55.4% from 2.35GHz to 4.15GHz. But the periodical interdigital capacitance structure makes the operating frequency band of antenna II move to higher frequency. In addition, by etching CCLL slots, the notched frequency (3GHz) is generated to achieve a dual-band operation at 2.37∼2.82GHz (17.3%) and 3.14∼4.10GHz (26.5%) with the VSWR less than 2, which is suitable for WLAN (2.4-2.484GHz) and WiMAX (2.5-2.69GHz/3.4-3.69GHz) applications. It is worth noting that at the notched frequency, the VSWR reaches 6 and the proposed antenna obtains a good band-notched characteristic. On the other hand, we can also see that compared with antenna I, antenna II obtains higher gain from 4.2dBi to 5.5dBi due to the function of the interdigital capacitance over the operating frequency band. Finally, the simulated stable gains of the proposed antenna are 4.3∼5.5dBi and 4.2∼5.2dBi at the dual bands. Meanwhile, it is also demonstrated that the introduction of the notched band inspired by CCLL slots has little impact on the performances of the antenna at other operating frequency bands.
A. EVOLUTION PROCESS

B. CURRENT ANALYSIS
To explain the principle of the proposed dual-band ME dipole antenna further, the surface current distributions over a period of time T at 2.6GHz are illustrated in Fig.5(a)-(b) . At t = 0 and T /2, the maximum of the surface current appears on the surface of the bow-tie radiation patch. So an electric dipole mode is generated at t = 0 and T /2. Furthermore, when t = T /4 and 3T /4, the maximum of the surface current appears on the surface of the semi-circular loop. Therefore, a magnetic dipole mode is excited at t = T /4 and 3T /4. The results above clearly illustrate that two types of radiation modes have a phase shift of 90 • . As a result, the phase shift of 90 • can counteract the inherent phase shift between an electric dipole and a magnetic dipole. Therefore an electric dipole and a magnetic dipole are excited simultaneously, and a ME dipole with complementary characteristics is achieved. Fig.6 (a)-(b) illustrate the vector current distributions for the antennas with and without the interdigital capacitance at 2.6GHz. By a comparison, it is obvious that the vector current flowing along the loop with the interdigital capacitance maintains the same phase, whereas the vector current flowing along the loop without the interdigital capacitance is relatively littery. The reason causing the difference is mainly because the semi-circular loop with the interdigital capacitance is equivalent to composite right/left-handed transmission line (CRLH TL). Fig.7 depicts the surface current distribution for the proposed antenna at the notched frequency (3GHz). When the proposed antenna works at 3 GHz, the resonant mode of the CCLL slots is excited and the maximum of the surface current is located on the CCLL slots. In other words, the electromagnetic energy is stored on the CCLL slots and cannot radiate outward.
C. PARAMETER ANALYSIS
In this portion, we select several important parameters of CCLL slots to analyse the performances of the antenna. Fig.8 depicts the simulated VSWRs with different lengths of l 1 . From the picture, it is seen that as the l 1 increases, the current path on the CCLL slots is extended and the notched frequency of the resonant mode of the CCLL slots moves to lower frequency. But we can also found that the other operating frequency bands are not almost affected. Therefore, the notched frequency can be adjusted independently. Fig.9 shows the simulated VSWRs with different lengths of l 2 . As l 2 increases, the notched frequency also moves to lower frequency. But the extent of the changes is not as large as the former. It is demonstrated that the VOLUME 5, 2017 notched frequency is more sensitive to l 1 . According to formulas (1)- (3) and optimizing analysis, we finally select 3GHz as the notched frequency. Correspondingly, l 1 and l 2 are determined to be 19.3mm and 8mm. Therefore, the proposed antenna obtains a notched band from 2.82GHz to 3.14GHz.
D. MEASURED RESULTS
The simulated and measured VSWRs and gains of the proposed antenna are shown in Fig.10 . The measured dual operating frequency bands are 2.35∼2.90GHz (20.9%) and 3.08∼4.21GHz (31.0%) with VSWR less than 2, which are suitable for WLAN(2.4-2.484GHz) and WiMAX (2.5-2.69GHz/3.4-3.69GHz) applications. Furthermore, the measured gains at the dual operating frequency bands are 4.4∼5.4dBi and 4.1∼5.2dBi. Therefore the proposed antenna achieves a dual-band operation and obtains stable gains at the dual operating frequency bands. The simulated results are in good accordance with the measured ones. However, there still exist some slight discrepancies between simulated and measured results, mainly due to measurement error, imperfect soldering, and fabrication tolerance. Fig.11 shows the simulated and measured radiation patterns of the proposed antenna at 2.6GHz, 3.3GHz, and 4.0GHz. The simulated results keep in good consistency with the measured ones. The proposed dual-band ME dipole antenna achieves stable and symmetrical unidirectional radiation patterns at the dual bands. Additionally, at the dual bands, low cross polarization, low back lobe and wide beamwidth are also obtained. We can see that the value of simulated cross polarization level is less than −22dB and the measured result is less than −20dB. Meanwhile, the values of measured and simulated back lobe level are both less than −10dB.
IV. CONCLUSION
In this paper, a novel planar printed dual-band ME dipole antenna is presented. By etching a pair of CCLL slots, the antenna obtains a dual-band operation at 2.37∼2.82GHz (17.3%) and 3.14∼4.10GHz (26.5%) for WLAN and WiMAX applications. And for improving the performances of the magnetic dipole, the antenna adopts the periodical interdigital capacitance structure to make the current flowing along the loop maintain the same phase. Additionally, by utilizing a coplanar ground, the proposed antenna achieves a planar printed structure. Therefore, the antenna can be fabricated easily and is suitable for mass production. At all operating frequency bands, the proposed antenna obtains the stable gains, symmetrical and stable unidirectional radiation patterns, low cross polarization, and low back lobe. With these advantages above, the proposed antenna is a good candidate for multiband wireless communication.
